In this study, a new acceptor-donor-acceptor (A-D-A) small molecule, DI3TCz, with carbazole as the central unit and 1,3-indanedione as the end group, was designed and synthesized for application in organic solar cells. In contrast to the molecule DR3TCz with rhodanine as end groups, DI3TCz exhibited deep a LUMO energy level and a nearly unchanged HOMO energy level with a narrow optical band gap of 1.75 eV and red shifted absorption. Compared with DR3TCz, the DI3TCz device showed a PCE of 6.46% with a remaining high V oc value of 0.97 V, improved J sc of 10.40 mA cm À1 and a notable FF of 0.65, which is the highest PCE value reported to data for carbazole-based small molecules OPVs.
Introduction
Bulk heterojunction (BHJ) organic photovoltaics (OPVs) are promising, sustainable candidates for solar energy conversion and have attracted great attention with their advantages, such as solution processability, lightweight nature, costeffectiveness, and exibility.
1 In the past decade, extensive efforts have been focused on the performance improvement of BHJ OPVs with PCBM derivatives as acceptor materials. Various polymers and small molecules have been designed and evaluated as donor materials.
2 Compared with polymers, small molecules have well-dened chemical structure and less batchto-batch device variation.
3 Thus, a great number of studies have been conducted on small molecule based OPVs (SM-OPVs). Presently, signicant progress has been made with power conversion efficiencies (PCEs) over 10% for single junction SMOPVs devices. 4 From the equation of PCE ¼ V oc Â J sc Â FF/P in , PCE is directly related to the open-circuit voltage (V oc ), short-circuit current density (J sc ), and ll factor (FF). To achieve outstanding PCE, these parameters should be simultaneously optimized. 5 Generally, SM-OPVs exhibit high V oc , low J sc and FF in contrast to their polymer counterpart. Therefore, how to improve J sc and FF without sacricing the V oc is an effective strategy for the PCE improvement of SM-OPVs.
6
Recent studies have shown that the highest occupied molecular orbital (HOMO) energy level of acceptor-donoracceptor (A-D-A) small molecules is mainly determined by the central donor unit, and the lowest unoccupied molecular orbital (LUMO) mainly depends on the terminal acceptor group. Recently, our group has reported a series of small-molecule donor materials with carbazole as the central building block.
7
The devices based on those carbazole-derived small-molecule donor materials exhibit high V oc owing to the deep HOMO levels of the central carbazole unit. However, the J sc and FF are not desirable, which is related to the narrow absorption of those molecules in the visible region and unfavourable active layers morphologies. Thus, there is much improved room of the device performance for above carbazole-based small molecules through careful molecules design and device optimizations.
In this study, we report a new small molecule DI3TCz with carbazole unit as the central building block and 1,3-indanedione as the end group. The molecule DI3TCz has the same molecular backbone as one of our previously reported small molecule DR3TCz (Scheme 1). The 1,3-indanedione unit has stronger electron withdrawing ability compared with rhodanine unit.
8 Thus, red shied absorption of DI3TCz in contrast to
Scheme 1 Chemical structures of DR3TCz and DI3TCz.
DR3TCz is expected aer introducing the 1,3-indanedione end group. Meanwhile, the much planar structure of the 1,3-indanedione units may facilitate with phase separation in the active layer. On the other hand, in order to improve the solubility of DI3TCz, a large branched alkyl side chain, heptadecan-9-yl, was introduced on the N atom of the carbazole central unit of DI3TCz. As expected, OPV devices based on DI3TCz exhibit an much improved J sc and FF compared with those of DR3TCz based devices ascribed to the better light absorption and favorable morphology of the active layer. A decent PCE with value of 6.46% was achieved. To our knowledge, it is the highest PCE value reported to date for carbazole-based small molecules OPVs.
Experimental section

Materials and synthesis
All reactions and manipulations were carried out under argon using standard Schlenk techniques. Scheme S1 † shows the detailed procedures to synthesize DI3TCz. Compound 1,9-(heptadecan-9-yl)-2,7-bis (4,4,5,5-tetramethyl- 
Synthetic procedures
DCHO3TCz (140 mg, 0.10 mmol) was dissolved in a solution of dry CHCl 3 (50 mL). 1,3-Indanedione (146 mg, 1.00 mmol) and three drops of triethylamine were added, and the resulting solution was stirred for 24 h under argon at room temperature. Aer solvent removal, the crude product was dissolved in 8 mL chloroform. To this solution, CH 3 OH (30 mL) was added to precipitate out the product. The above dissolve and precipitate procedure was repeated several times to completely remove the unreacted 1,3-indanedione. Then, the product was separated by silica-gel chromatography using a mixture of dichloromethane and petroleum ether (1 : 1) as the eluent to afford DI3TCz as a black solid (120 mg, 72% yield 145.43, 145.40, 144.13, 144.10, 142.05, 141.48, 140.73, 140.52, 139.16, 135.67, 134.94, 134.72, 128.17, 126.32, 126.08, 123.73, 122.93, 122.76, 120.78, 120.55, 117.30, 108.57, 105.84, 56.62, 33.89, 31.96, 31.92, 31.80, 30.66, 30.19, 29.49, 29.38, 26.87, 22.73, 22.63, 14.16 C NMR spectra were recorded on a Bruker AV-400 spectrometer. Matrix-assisted laser desorption/ionization timeof-ight mass spectrometry (MALDI-TOF MS) was carried out on a Bruker Autoex III instrument. Cyclic voltammetry (CV) measurements were carried out on an LK98B II microcomputerbased electrochemical analyzer in dichloromethane solutions at room temperature using a conventional three-electrode conguration, with a glassy carbon electrode, a saturated calomel electrode, and a Pt wire as the working, reference, and counter electrodes. Dichloromethane was distilled from calcium hydride under dry argon immediately before use. Tetrabutylammonium phosphorus hexauoride (Bu 4 NPF 6 , 0.1 M) in dichloromethane was used as the supporting electrolyte; the molecules were dissolved in the above dichloromethane solution before the measurement, and the scan rate was 100 mV s À1 .
UV-vis spectra were recorded on a JASCO V-570 spectrophotometer. Thermogravimetric analysis (TGA) was carried out on a NETZSCH STA 409PC instrument under a puried nitrogen gas ow at a heating rate of 10 C min À1 . Atomic force microscopy (AFM) measurements were carried out using a Bruker MultiMode 8 instrument in the "tapping" mode. Transmission electron microscopy (TEM) images were recorded on a Philips Technical G2 F20 instrument at 200 kV.
The space-charge-limited current (SCLC) mobility was measured using the diode conguration of ITO/PEDOT:PSS/ donor:PC 71 BM/Au for hole mobility and ITO/Al/donor:PC 71 BM/ Al for electron mobility and tting the results to a space-chargelimited form, where SCLC is described by
where J is the current density, L is the lm thickness of the active layer, m 0 is the mobility, 3 r is the relative dielectric constant of the transport medium, 3 0 is the free-space permittivity (8.85 Â 10 À12 F m À1 ), and V (¼V appl À V bi ) is the internal voltage in the device, where V appl and V bi are the applied voltage to the device and the built-in voltage related to the relative work function difference of the electrodes, respectively. The current density-voltage (J-V) characteristics of photovoltaic devices were recorded on a Keithley 2400 sourcemeasure unit. The photocurrent was measured under a simulated illumination of 100 mW cm À2 (AM 1.5G irradiation) using a xenon-lamp-based solar simulator (SAN-EI XES-70S1) in an argon-lled glovebox. Simulator irradiance was characterized using a calibrated spectrometer, and the illumination intensity was set using a certied silicon diode. The external quantum efficiency values (EQEs) of the encapsulated devices were recorded using a halogen tungsten lamp, monochromator, optical chopper, and lock-in amplier under air, and the photon ux was determined using a calibrated silicon photodiode.
Results and discussion
Synthesis and thermal property Scheme 1 shows the chemical structure of DI3TCz, which was prepared by the Knoevenagel condensation of DCHO3TCz with 1,3-indanedione in the presence of triethylamine. Purication using conventional silica-gel chromatography, followed by recrystallization from chloroform and hexane, afforded the nal product. The structure was veried by NMR and MALDI-TOF-MS. The molecule DI3TCz is rather soluble in common organic solvents and exhibits good thermal stability up to 340 C under N 2 (Fig. S1 †) . Fig. 1 shows the optical absorption of DI3TCz in solution (chloroform) and solid state (thin lm). The detailed absorption data were summarized in Table 1 . The absorption data of DR3TCz were also given in Fig. 1 and Table 1 for comparison. As shown in Fig. 1 and Table 1 , DI3TCz exhibits redshied absorption in solution and solid state in contrast to that of DR3TCz. The shoulder peak in the lm state, indicative of the effective p-p packing between molecule backbones; this effective packing is benecial for charge transport.
9 Additionally, DI3TCz exhibits a considerably bathochromic shi from solution (539 nm) to solid state (575 nm) with a wide range. This result might be related to its reduced p-p stacking distances between backbones and improved order aer introduction of the 1,3-indanedione end group.
10 The optical band gap of DI3TCz is 1.75 eV, which is much smaller than that of DR3TCz with value of 1.88 eV. The electrochemical properties of DI3TCz was investigated by cyclic voltammetry (CV (Fig. S8 †) . The active layer was spin-coated from its chloroform solution. The optimized blend ratio for DI3TCz was 1 : 0.8 (DI3TCz:PC 71 BM) by weight. Fig. 2a shows the optimized J-V curves of DI3TCz:PC 71 BM devices. The corresponding photovoltaic parameters are summarized in Table 2 . For comparison, the best J-V curve and photovoltaic parameters are given in Fig. 2a and Table 2 . The DI3TCz-based device without post-treatment exhibits only a PCE of 3.07%, with a J sc of 7.96 mA cm À1 and FF of 0.39. The device performance signicantly improves aer solvent vapour annealing (SVA) with chloroform due to the signicant enhancement of J sc and FF. The optimal device exhibits a V oc of 0.97 V, a J sc of 10.40 mA cm À1 , and an FF of 0.65, resulting in a PCE of 6.46%. To our knowledge, this is the highest PCE value for carbazole-based small molecule OPVs to date. As shown in Table 2 , the V oc of DR3TCz:PC 71 BM device is nearly same as that of DR3TCz:PC 71 BM device, which is consistent with their similar HOMO levels. The J sc of DI3TCz based device is much higher than that of DR3TCz ascribed to the broad and red shied absorption of DI3TCz. Note, DI3TCz based device gives a notable FF of 0.65, which is mainly attributed to the balanced mobility discussed below. shows the EQE spectra of the optimal devices of DI3TCz. Compared with DR3TCz, DI3TCz based devices exhibits a broad photocurrent response from 300 to 700 nm, which is consistent with the absorption spectra of the blend lms and higher J sc than that of DR3TCz based devices.
To understand the effect of SVA on photovoltaic performance of the DI3TCz-based devices, the relationship between the photocurrent (J ph ) and effective voltage (V eff ) is obtained from the J-V data and shown in Fig. 3 .
, where J L and J D are the current densities under illumination and in the dark, respectively; V a is the applied voltage; and the V 0 is the voltage at which J ph ¼ 0.
11 As shown in Fig. 3 , with increasing V eff , the saturation photocurrent (J sat ) for the DI3TCz-based devices aer SVA treatment is attained earlier. And it value is greater than that of the as cast device. This result indicated that the DI3TCz-based device exhibited more efficient charge dissociation and collection aer SVA treatment.
Morphology, molecular ordering, and mobility Fig. 4a and b shows the atomic force microscopy (AFM) images of the active layer morphology. The blend lm without posttreatment exhibits a root-mean-square (rms) surface roughness of 0.58 nm (Fig. 4a) . Aer SVA, the rms roughness of the blend lms slightly increases to 0.69 nm (Fig. 4b) . Additionally, as shown in TEM images ( Fig. 4c and d) , aer SVA treatment, the blend lm based on DI3TCz:PC 71 BM exhibits clear phase separation with interpenetrating networks of donor and acceptor phases. That morphology is benecial for the dissociation of excitons and charge transport, which is attributed to improvement of device FF and J sc . 12 The mobilities of the blend lms were measured by the SCLC method. , respectively, aer SVA treatment. The improvement in hole and electron mobilities is consistent with the interpenetrating donor and acceptor networks morphology and attributed to the good FF of the devices.
Conclusions
In summary, we have designed and synthesized small molecule donor DI3TCz with 1,3-indanedione as the end group. In contrast to its rhodanine analogy DR3TCz, DI3TCz showed red shied absorptions and nearly unchanged HOMO level. Compared with that of DR3TCz, the DI3TCz device showed a high V oc value of 0.97 V and improved J sc of 10.40 mA cm À1 .
Additionally, a notably FF of 0.65 was achieved due to the interpenetrating donor and acceptor network morphology and balanced hole and electron mobilities. The PCE (6.46%) achieved for optimized DI3TCz:PC71BM device is the highest PCE reported to data for carbazole-based small molecules OPVs. The enhancement in photovoltaic performance is attributed to the tuning of the absorptions and energy levels via the use of the acceptor indandione unit.
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